ABSTRACT: The present study compared the performance of sticky traps in order to identify the most effective and practical trap for capturing Aedes aegypti and Aedes albopictus mosquitoes. Three phases were conducted in the study, with Phase 1 evaluating the five prototypes (Models A, B, C, D, and E) of sticky trap release-and-recapture using two groups of mosquito release numbers (five and 50) that were released in each replicate. Similarly, Phase 2 compared the performance between Model E and the classical ovitrap that had been modified (sticky ovitrap), using five and 50 mosquito release numbers. Further assessment of both traps was carried out in Phase 3, in which both traps were installed in nine sampling grids. Results from Phase 1 showed that Model E was the trap that recaptured higher numbers of mosquitoes when compared to Models A, B, C, and D. Further assessment between Model E and the modified sticky ovitrap (known as Model F) found that Model F outperformed Model E in both Phases 2 and 3. Thus, Model F was selected as the most effective and practical sticky trap, which could serve as an alternative tool for monitoring and controlling dengue vectors in Malaysia. Journal of Vector Ecology 42 (2): 298-307. 2017.
INTRODUCTION
Aedes aegypti and Ae. albopictus are two principal vectors responsible for the transmission of dengue, chikungunya, yellow fever, and most recently, Zika virus that have contributed significantly to higher morbidity and mortality rates among the human population (Gubler 2002 , Bhatt et al. 2013 , Dyer 2015 . Difficulties in deploying vaccines, especially in dengue endemic regions, indicate that vector surveillance and control will continue to play a significant role in integrated prevention and control programs (Paz-Soldan et al. 2016) .
Current methods such as larvicides, adulticides, and biological approaches for controlling dengue vectors are known to be inadequate, suggesting a need to develop new approaches to monitor these vector populations (Paz-Soldan et al. 2016) . Several techniques for the surveillance and control of Aedes mosquitoes have been developed and employed, but their utilization is limited to sampling the immature forms of Aedes such as eggs, larvae, and pupae (Paz-Soldan et al. 2016) . Entomological indices such as the Breteau index (BI), house index (HI), and container index (CI) are among the indicators that have been used to monitor the Aedes populations, especially in residential environments. Unfortunately, such indices are insufficient to investigate the density and distribution of the adults. Integration among methods of dengue surveillance and indices allow the estimation of critical thresholds for a better understanding of its transmission dynamics (Rodrigues et al. 2015) . In addition, monitoring the abundance of adult females by evaluating their distribution and density are important aspects for the development of control strategies (Rodrigues et al. 2015) .
Ovitraps are considered to be the most convenient sampling tool to detect the presence of adult mosquito populations (Service 1974 , Cheng et al. 1982 . Since 1965, ovitraps have been deployed for routine egg and larval surveys due to their high sensitivity and cost effectiveness (Fay and Eliason 1966 , Reiter et al. 1991 , Chang et al. 2011 ). Despite their role as both surveillance and monitoring tools for Aedes, they also have limitations. First, the number of eggs deposited in individual traps may be affected due to the skipping oviposition behavior by Aedes females (Macial- deFreitas et al. 2006 , Facchinelli et al. 2008 , Gama et al. 2007 , Chadee 2009 ). Second, the availability of local habitats may compete with the ovitrap by affecting the deposition of eggs in the trap (Codeco et al. 2015) . Most importantly, ovitraps may influence estimates of adult abundance derived from egg counts (Codeco et al. 2015) .
Mechanical devices to collect adult populations provide reliable adult specimens, but most of them are highly labor intensive, may require electricity, and are impractical to be applied in dengue monitoring and surveillance (Facchinelli et al. 2007 (Facchinelli et al. , 2008 . Therefore, there is a need to identify alternative tools that are more practical and affordable. Recently, several mosquito traps have been developed specifically to catch adult Aedes mosquitoes. For example, ovitraps can also be modified to capture gravid female mosquitoes by incorporating an adhesive capture surface, known as sticky ovitraps (Vartak et al. 1995) . In addition to conventional sticky ovitraps, a variety of different designs have been developed and evaluated to capture dengue vectors. Facchinelli et al. (2007) used a novel sticky trap for monitoring Ae. albopictus populations in Italy. In Australia, Ritchie et al (2003) demonstrated the efficacy of an adulticidal sticky ovitraps to collect Ae. aegypti and other container-breeding mosquitoes. Additionally, Eiras et al. (2014) developed and tested the gravid Aedes trap to capture adult female container-exploiting mosquitoes, with both studies conducted in Cairns, Queensland. In Brazil, a number of low-cost sticky traps to be used as detecting and monitoring tools for Ae. aegypti populations include Adultrap (Donatti and Gomes 2007), MosquiTRAP TM (Gama et al. 2007) , and AedesTrap (de Santos et al. 2012 ) have been developed and evaluated. Due to limitations of ovitraps and the practicality of mechanical devices for routine entomological surveillance, sticky traps could be a reliable alternative to monitor and control the distribution and density of dengue vectors. However, there are a variety of sticky traps available, as mentioned earlier. With the variation in their design, diameter of entrance size and volume of grass hay infusion water used, as well as geographical and climate variables, we compared the performance of several sticky traps (ST). We considered the differences and uniqueness of their design and identified the most effective and practical ST prototype as a monitoring tool for mosquito surveillance and dengue control programs in Malaysia.
MATERIALS AND METHODS

Mosquito preparation
Prior to setting up the series of experiments in Phases 1, 2, and 3, Ae. aegypti and Ae. albopictus mosquitoes were prepared and reared at the Vector Ecology Laboratory of the Parasitology Department, University of Malaya, Kuala Lumpur, Malaysia. Conventional ovitraps were set up randomly to collect the fresh eggs at a nearby area. The collected eggs were allowed to hatch in the plastic container and develop to the larval stage for few days. Subsequently, the 3 rd and 4 th instar larvae (L 3 and L 4 ) were transferred individually into small plastic containers and maintained until they developed into adult mosquitoes for species differentiation. Only Ae. aegypti and Ae. albopictus adults were selected for Phases 1 and 2. Both male and female Ae. aegypti and Ae. albopictus adults were transferred separately into different cages. Adult mosquitoes used in Phases 1 and 2 were from the F 2 generation. Both nulliparous Ae. aegypti and Ae. albopictus adult females (three to seven days after the emergence of mosquitoes) were fed on white mice daily for five consecutive days. These parous adult mosquitoes were maintained for an additional three days prior to release in the experimental chamber (range 10-14 days post emergence). A cotton wick with 10% sucrose solution was also provided to maintain the adults. Phase 1 focused on the comparison of the performance of five sticky trap models, Models A, B, C, D, and E (Table 1 and Figure 1 ) in release-and-recapture sampling of Aedes mosquitoes. All five models were tested in experimental cages, with constant temperature and relative humidity. The cage was made of bed nettings 1.5 m long, 0.5 m wide, and 1.0 m high. All prototypes were arranged in the middle of the cage. A release-and-recapture experiment was replicated ten times using both female Ae. aegypti and Ae. albopictus. In this phase, mosquito release numbers (RN) were grouped into two categories: low (5) and high (50). After a week exposure, each replicate was terminated and all traps were retrieved and the number of recaptured mosquitoes on sticky paper of each trap was counted. The most effective sticky trap was selected and was also compared to the modified sticky ovitrap (Phase 2), based on the highest mean numbers of recaptured Aedes mosquitoes recorded by each trap. Further analysis to determine the association among the mean numbers of recaptured Aedes mosquitoes among five prototypes was also performed.
Phase 2: Performance assessment of Models E and F (releaseand-recapture sampling method)
During Phase 2, the performance of two sticky trap models was also compared using the release-and-recapture sampling method. Model E, the most effective sticky trap model (evaluated in Phase 1), was compared with Model F. Model F (Table 1) was a modified sticky ovitrap (MSO), consisting of the conventional ovitrap with sticky materials, which acts similarly to Model E. The sticky materials that were used are non-toxic sticky insect catchers, made of synthetic solid rubber (53%), solvent (46.6%), and yellow dye (0.4%). It has also been used by Lau et al (2015) . Several justifications have been made to consider why the ovitrap should be used compared to the Model E. In general, the ovitrap has been considered as the "gold standard" for attracting and collecting mosquito eggs. Occasionally, the ovitrap can be a more sensitive tool to detect the presence of mosquitoes at lower infestation rates (Rawlins et al. 1998 ). All procedures, including the type and size of experimental cage, mosquito release numbers (RN), arrangement of traps and trap recovery in this phase, were conducted similarly as in Phase 1.
Phase 3: Performance assessment of Models E and F (field sampling method)
The focus on Phase 3 was to compare the performance between Models E and F (Figure 1 ) prototypes in field sampling for ten weeks (December, 2015 to February, 2016 . In addition to evaluating the performance of these models, nine sampling grids (20 x 20 m) were generated at the University of Malaya campus. Traps were deployed at fixed sampling locations (one m apart) at each sampling grid. The selected sampling location provided some shaded spaces and protection from direct rain and sunlight. As mosquito collection was conducted weekly, adult mosquitoes trapped on sticky paper were extracted and transported to the laboratory. However, about 5-10% of adult mosquitoes were damaged by removal from the sticky paper and were visually identified in the field for species and gender. Species and sex of each adult were identified with a stereo microscope and confirmed by reference key (Harwood and James 1979, Goddard, 1993) .
Data analysis
Data analyses were performed using Microsoft Excel and Statistical Package for the Social Sciences (SPSS) program for Windows version 18.0 (SPSS, Chicago, IL, U.S.A.). The data, mean and standard error (mean ± SE) of recaptured Ae. aegypti and Ae. Albopcitus, were computed for Phase 1 (A vs B vs C vs D vs E), 2 (E vs F), and 3 (E vs F), respectively. The analysis of variance (ANOVA) with repeated measures test was conducted to analyze the association between the mean numbers of recaptured Ae. aegypti and Ae. albopictus in Phase 1 (prototypes A, B, C, D, and E). In addition, a paired-samples t-test was performed to determine the association between the mean numbers of Ae. aegypti and Ae. albopictus in Phases 2 and 3 (Models E and F). A similar pattern was observed when large numbers of mosquitoes were released, as illustrated in Figure 3 . Overall results showed that the mean of recaptured Ae. aegypti was higher than Ae. albopictus for all models (i.e., A, B, D, and E), except for Model C. The highest mean of both Aedes species was successfully recaptured by Model E (Ae. aegypti: 23.1 ± 2.13; Ae. albopictus: 21 ± 0.79). Detailed analysis demonstrated that Model B recorded the second highest mean of recaptured Ae. aegypti (14.2 ± 1.50), followed by Model C (5.5 ± 1.06) and Model A (4.2 ± 0.81). Model D recorded the lowest mean of recaptured Ae. aegypti (2.7 ± 0.73). For Ae. albopictus, Model C recorded the second highest mean (17 ± 0.79), followed by Model B (7.6 ± 0.81) and Model A (1.9 ± 0.46). However, Model D (0.6 ± 0.22) recorded the lowest mean. Table 2 displayed further analysis that compared the mean of recaptured Aedes mosquitoes in each prototype. The results indicated that Model E showed the best performance in recapturing Ae, aegypti and Ae. albopictus mosquitoes in both occasions (low and high mosquito release numbers). In Phase 2, Models E and F were selected based on the ability to recapture the highest numbers of Ae. aegypti and Ae. albopictus. The results demonstrated that the mean for Ae. aegypti was similar in both Models E and F (2.5 ± 0.17). Meanwhile, there was a significant difference between Model F (3.7 ± 0.26) and Model E (1.3 ± 0.26) for Ae. albopictus, as illustrated in Figure 4 . The performance of Models E and F prototypes was further evaluated in the field assessment. In general, both models successfully caught female Ae. Albopictus. No Ae. aegypti was captured in this study. Model F showed the best performance in capturing mosquitoes, as the prototype was able to catch Ae. albopictus in all nine sampling locations ( Figure  5) . The results showed the domination of Model F in capturing Ae. albopictus, with the mean of the species captured being higher
Trap Description
Model A Physical appearance: 1.2 liter plastic buckets sprayed with black, sitting flush against each other and against the inner surface or wall of the bucket. The top half of the prototype was also made of a 1.2 liter plastic bucket sprayed with black, with the bottom removed. The other bucket contained sticky paper* (coated with sticky insect catcher), was inverted over the first, and fastened together using clips to clamp the buckets together. Volume of attractant**: 350 ml
Model B
Physical appearance: 19 liter polyethylene pail sprayed with black, and black pail lid. A hole with a diameter of 20 cm was cut on the surface of the black pail lid. A plastic container (19.8 cm wide at upper opening and 24 cm high) was subsequently inserted into the hole of the pail lid that served as a trap entrance and sticky paper* lined inside the container. The trap entrance was covered by black polypropylene and oriented netting.
Volume of attractant**: 9 liters
Model C
Physical appearance: A black plastic container 11.5 cm wide and 10.7 cm high. An inner shorter plastic container (netting at the bottom) lined with sticky paper* was placed inside the prototype. Volume of attractant**: 100 ml
Model D
Model D has same design as Model A, however a measurement size of this model was half that of Model A. Volume of attractant**: 175 ml
Model E
Physical appearance: A 1.5 liter disposable drinking water bottle, 23.5 cm high, and 9.4 cm wide. The model was also sprayed black and a sticky paper* was lined inside the trap using paper clips. Volume of attractant**: 250 ml
Model F
Physical appearance: Made of a conventional ovitrap with a measurement size of 9 cm high and 8 cm wide. The model was also sprayed black, and sticky paper* was lined inside the trap and held by paper clips. Volume of attractant**: 70 ml Table 1 . Physical characteristics of sticky trap prototypes used in the study.
*Sticky paper used in all models was made of brown disposable paper sprayed with non-toxic sticky insect catcher. **Type of attractant used in the study was grass hay infusion water. compared to Model E in all sampling sites. In addition, no Ae. albopictus were collected by the Model E prototype in three sampling locations (SL1, SL7 and SL8). Further analysis showed a significant difference between the mean of captured Ae. albopictus between Model F vs E. In other words, Model F was the best prototype as it was able to catch more mosquitoes compared to Model E.
DISCUSSION
Currently, vector field surveillance has been known as the most reliable method of monitoring mosquito populations, especially when there are reported cases or outbreaks. As mentioned earlier, suction aspirators, backpack aspirators, or other commercial mosquito traps are widely available and have been used as mosquito monitoring and surveillance tools. However, these traps could be impractical for routine mosquito collection and surveillance since most of them are expensive, highly labor intensive, and some of the traps require a power source.
Our study compared the performance of six sticky trap prototype models in capturing female Aedes mosquitoes, conducted in three phases: Phases 1, 2, and 3. In Phase 1, Model E was found to recapture the highest numbers of both Aedes species, while Model F outperformed Model E when tested in both Phases 2 and 3. Additionally, Model F was more sensitive than Model E as the trap caught female Aedes species (only Ae. albopictus was caught) in all sampling locations during field assessment in Phase 3. This finding indicated the superior capacity of Model F in capturing female Aedes mosquitoes compared to Model E. Besides, although both prototype models are sought by females as oviposition sites, differences in their attractiveness could be one of the reasons for the high efficacy of Model F. In physical appearance, the height of the Model F prototype was lower compared to Model F, postulating that the female mosquitoes tend to be attracted to the smaller container for oviposition. Moreover, the different volumes of grass hay infusion water used in both traps could be one of the potential factors in relation to their attractiveness. However, the association between the number of mosquitoes captured and the volume of grass hay infusion water was not performed in this study. Although the attractant used by Model F was lower (70 ml), it managed to trap more female mosquitoes compared to Model E (250 ml), suggesting that a larger volume of water is not needed for female Aedes mosquitoes to lay eggs. Results of the study also indicated that the addition of sticky or adhesive materials enhances the performance of Model F in catching the adults, as the trap was conventionally designed for detecting the presence of adults and collecting the immature forms such as eggs, larvae, and pupae. The trapped mosquitoes on sticky material were not able to lay their eggs on the water (attractant). However, we found the presence of eggs and larvae inside both prototype models during the Phase 3 assessment. This could be due to the "death stress oviposition behavior" when female mosquitoes become stuck on sticky material. As described by Chadee and Ritchie (2010) , the stress caused by imminent death stimulates female mosquitoes to release their eggs.
To prevent the eggs from maturing, the addition of microbial larvicides such as Bacillus thuringiensis israelensis (Bti) in the attractant (grass hay infusion water) could be applied in mosquito surveillance and monitoring. Bti causes high larval mortality after ingestion, preventing further development (Floore et al. 1991) . Floore et al. (1991) also indicated the effectiveness of Bti against a variety of mosquito species under both field and laboratory conditions. Our study also indicated the effectiveness of the attractant (grass hay infusion water) used throughout the study period, especially when prototypes (Models E and F) were tested in the field. Although several potential larval sites were found near the sampling locations, Model F captured larger numbers of female Ae. albopictus, indicating the effectiveness of the grass hay infusion water used in the study in order to attract more females for oviposition.
Moreover, the results of the current study also highlighted the advantage of using low-cost materials to build traps to stimulate the development of monitoring methods targeted at Ae. aegypti and Ae. albopictus adults. The cost to build the Model F prototype was less than US$1, indicating no expensive materials are required to produce the trap. Besides, it is important to take into consideration that until now there are no sensitive methods that are able to precisely estimate the density of Ae. aegypti and Ae. albopictus adult populations. Although Ae. aegypti remains the principal dengue vector, the population of Ae. albopictus cannot be ignored, as the vector is starting to adapt to the domestic environment and was found to be cohabiting with Ae. aegypti inside human residents, as previously described by Roslan et al. (2013) . In addition, other advantages of using the Model F prototype are that it is easy to handle, no experts are required, and it is environmental friendly, in that the trap provides no harm to the user (i.e., community) and the surrounding environments.
This study also showed an association between eco-climate factors and the number of trapped mosquitoes in tested sticky traps. Based on observations during mosquito collection, no mosquitoes were collected in certain weeks during the field assessment in Phase 3 (data not shown), possibly due to higher precipitation that sometimes exerts negative effects on mosquito abundance. Although the current study did not evaluate the effects of climate factors such as precipitation, temperature, and relative humidity, the finding (no collection of mosquitoes) postulated that precipitation contributes to the creation of new breeding sites as it may reduce the attractiveness of sticky traps, causing low numbers of adult mosquitoes visiting the traps (Codeco et al. 2015) . In the present study, several alternative sites, including artificial containers such as cans, tins, and plastic food containers were found in the vicinity of the study area. Likewise, there was some stagnant water surrounding the study area in parking lots and drainage systems. According to Chen et al. (2005) , stagnant water could provide better conditions for immature habitats due to the presence of organic matter or microorganisms that accelerated larval growth. Furthermore, a failure to collect mosquitoes may have been caused by excessive rain that flushed the immature forms of mosquitoes from their habitats and thus may have affected mosquito abundance. The findings of the current study were also affected by some uncontrollable issues caused by heavy rain and strong wind. During collection, we noticed that some of the traps were in an improper position, for example: spillage of water from the trap, the plastic container out of position, and the entrance of other organisms (i.e., lizards, cockroaches, and some insects).
There are several limitations to be taken into account for future consideration. First, results based on the Phase 3 sampling may not represent the effectiveness of the Model F prototype, as the trap, together with the Model E prototype were only deployed outdoors and were able to capture female Ae. albopictus. The installation of both prototypes inside the buildings will be necessary to assess the traps' capability to capture Ae. aegypti, as this species resides indoors. A second limitation relates to the molecular approach to detecting dengue virus. The use of a rapid immunochromatographic test of Dengue NS1 Antigen kit (Standard Diagnostic, INC) to check the presence of dengue virus will be essential to determine high and low dengue transmission zones across the study area by assessing positive female Aedes mosquitoes. Thirdly, the findings of the current study did not investigate the relationship between meteorological parameters, such as rainfall, relative humidity, and temperature, and the numbers of Aedes mosquitoes collected from the study area. Nevertheless, the integration between both parameters could provide more significant findings in relation to the transmission of dengue virus from the host and mosquito oviposition behavior, as well as determining the level of vector infestation, especially in dengue-endemic areas throughout the country.
In conclusion, our study shows that the prototype Model F may be used as a tool for monitoring Ae. aegypti and Ae. albopictus populations. The presence of trapped adult mosquitoes inside the trap could attract the attention of the public, a fact that could be used to improve awareness of the Aedes control programs. It would also be interesting to correlate collection of field-caught Aedes mosquitoes by the Model F prototype with the integration of Geographical Information System (GIS) and geostatistical approaches, to establish a mosquito density map that could be useful for public health authorities to advocate the prevention and control programs targeted at the local level, especially in dengue endemic and hotspot localities.
